A novel, rapid, quantitative cell-counting method reveals oligodendroglial reduction in the frontopolar cortex in major depressive disorder
The neuropathology of psychiatric disorders has long been of interest in psychiatry. However, only a small number of three-dimensional quantitative studies have been conducted, partly because the stereological techniques often used for such investigations are hampered by intrinsically low throughput, typically requiring long periods of time to complete.
Conventional Nissl, rather than immunohistochemical, staining has generally been employed in these studies, as it offers several advantages: ease and familiarity of use, and robustness across a range of fixation and processing conditions. The fact that the Nissl method stains both neurons and glia is often advantageous, but it is also disadvantageous in that small neurons may be misclassified as glia, or vice versa. Furthermore, in the gray matter of the adult human cortex, astrocytes, oligodendrocytes (OLs), oligodendrocyte progenitor cells (OPCs) and microglia form the four major glial subtypes, 1 whereas oligodendroglial cells (OLs and OPCs) may represent potential abnormal glial subtypes in psychiatric disorders, especially in mood disorders. [2] [3] [4] Recently, Herculano-Houzel and Lent developed a novel cell-counting method to quantify the total numbers of neuronal and non-neuronal cells in paraformaldehyde-fixed brains by first transforming highly anisotropic brain structures into homogeneous, isotropic suspensions of cell nuclei and then counting them on a hemocytometer. 5 We extended this concept to frozen, unfixed brains and, using flow cytometry (FCM), comprehensively quantified the numbers and fluorescent intensities of 7-aminoactinomycin D (7-AAD, a fluorescent DNA marker)-positive (7-AAD( þ )) nuclei immunolabeled for the neuronal and oligodendroglial nuclear markers, NeuN and olig2, respectively.
In our FCM measurements (Figure 1a ), the number of 7-AAD( þ ) nuclei in the rat cerebral cortex was 75.92 million, 47% of which (35.90 million) were NeuN( þ ) (Supplementary Table S1 ). These results were comparable to the number of total and neuronal nuclei in the whole rat cerebral cortex estimated by Herculano-Houzel and Lent. 5 FCM measurements were also able to isolate olig2( þ ) nuclei as an independent population. Thus, by measuring isolated nuclei by FCM we could quantify the numbers of total (7-AAD( þ )), neuronal (NeuN( þ )), oligodendroglial (olig2( þ )) and other non-neuronal (NeuN(À)/ olig2(À)) cells (Figure 1a-C) . Furthermore, the postmortem interval, gender or frozen storage days did not affect these numbers (Figure 1a-E,F,G) .
Interestingly, olig2( þ ) nuclei displayed two fluorescent peaks: olig2 weak ( þ ) and olig2 strong ( þ ) (Figure 1a-D We then applied this method to frozen, unfixed postmortem human brains (Supplementary Figure S1) . The entire gray matter was carefully dissected from the frontopolar (FPC; Brodmann area 10 (BA10)) and inferior temporal (ITC; BA20) cortices of patients with major depressive disorders (MDDs; FPC, n = 10; ITC, n = 11) and control subjects (Cont; FPC, n = 12; ITC, n = 12). Most of the available confounding factors were matched between the groups (Supplementary Table S2 ). We found that the numbers (densities) of 7-AAD( þ ) (total) and olig2( þ ) nuclei in the 1-mg gray matter tissue of FPC from MDD subjects were significantly reduced when compared with those from controls (Figure 1b-A,D) . No significant difference was found between groups in the densities of NeuN( þ ) or NeuN(À)/olig2(À) nuclei in the FPC (Figure 1b-B,C) , nor in any of the available nuclei densities in the ITC (Supplementary Figure S2) . A significant reduction in the densities of olig2 strong ( þ ) and olig2 weak ( þ ) nuclei in the FPC was also observed in some MDD cases (n = 8) when compared with those in controls (n = 9; Figure 1b -E,F), suggesting that oligodendroglial reductions in the MDD FPC may be due to decreased levels of OLs and OPCs.
In the postmortem FPC of subjects suffering from mood disorders, myelin basic protein expression was reduced. 8 Cortical myelination, an essential process for establishing an efficient neuronal signaling network in the cortex, 9 continues for up to the fifth decade in the FPC. ITC, however, may represent an exception to this process, displaying a conspicuously scanty degree of cortical myelination. 10 Thus, our findings suggest that the pathogenesis of MDD may 
